For optimal phagocytosis and intracellular killing of microorganisms by human granulocytes and monocytes, stimulation by extracellular serum factors, such as immunoglobulin G (IgG), C3b, and C3bi, is required (14) (15) (16) . Interaction between such factors and their corresponding cell surface receptors initiates intracellular signalling pathways (4, 7, 23) . A transient increase in the intracellular free calcium concentration ([Ca21Ji) in phagocytes in response to a variety of soluble and particulate stimuli has been observed (4, 22) . Cytosolic free Ca2+ is involved in the functional activities of murine macrophages, such as inhibition of the intracellular proliferation of Leishmania enriettii and the production of reactive nitrogen intermediates (3) , and of human neutrophils, e.g., chemotaxis (19) , the secretion of granule contents (13, 18) , the production of reactive oxygen intermediates (8, 17) , and phagosome-lysosome fusion (10) . Although phagocytosis of preopsonized microorganisms by granulocytes and macrophages occurs at a very low [Ca21Ji (5, 10) , it has been observed that ingestion of particles by these phagocytes via both complement and Fc receptors is accompanied by an increase in [Ca2+] i (5, 10, 23) .
A recent study using murine macrophage cell line cells transfected with human Fc receptor II demonstrated that the internalization of immune complexes and the induction of an increase in [Ca2+] i are mediated by different regions of the cytoplasmic domain of this receptor (20) . At present, little is known about the role of cytosolic free Ca2+ in the stimulation of intracellular killing of bacteria by phagocytes. Three criteria must be satisfied before cytosolic free Ca2+ can be considered to be causally related to the intracellular killing process (11, 21) . First, those concentrations of factors that stimulate the intracellular killing of bacteria should also cause an increase in the [Ca2"]i. Second (14) . After elutriation and two washes, the cell suspension contained about 85% monocytes and 15% lymphocytes. The cells were suspended in medium (pH 7.4) containing 138 mM NaCl, 6 mM KCI, 1 mM MgSO4, 1.1 mM CaCl2, 1 mM NaH2PO4, 5.5 mM D-glucose, 0.1 mM EGTA, 20 mM HEPES (N-2-hydroxyethylpiperazine-N'-2-ethanesulfonic acid), and 0.1% BSA (termed Ca2+ medium), at a concentration of 107 monocytes per ml. The cells were then loaded a Perkin-Elmer 3000 spectrofluorometer (Perkin-Elmer, Ueberlingen, Germany) equipped with a magnetic stirrer and a thermostat-controlled cuvette holder. The cell suspensions were excited alternately at 340, 360, and 380 nm (slit width, 2.5 nm), and the fluorescence intensities were monitored at 500 nm (slit width, 5.0 mm). [Ca2+] i was calculated from the ratio of the fluorescence intensities (F34/F380) by using a formula described previously (9) . Calibration of the FURA- [Ca2+] i in monocytes occurred, with peak values of 1,160 ± 158 nM for A23187 and 1,320 + 240 nM for ionomycin (n = 5); both gradually decreased to about 600 nM during the next 30 min of incubation (Fig. 1 ). This reduction in [Ca2+] i is not due to a decrease in the intracel- bacteria with IgG or Ca2+ ionophores yielded responses similar to those found for resting monocytes (Fig. 1) gel for an additional 45 min. The results showed that intracellular killing ceased shortly after the removal of A23187, indicating that continuous stimulation of the monocytes by A23187 is required for maintenance of the killing process (Fig. 2) . Similar results were found for stimulation of the intracellular killing of S. aureus by monocytes with serum, as reported earlier (16) .
Ca2+ ionophores may stimulate the intracellular killing process by their ability to intercalate in the lipid bilayer of the cell membrane, thus inducing intracellular signalling independent of an increase in [Ca2J1i (11) , or by inducing a rise in the [Ca2+] (Fig. 1) . The results showed that this ionophore stimulated the intracellular killing of S. aureus by monocytes much less than A23187 did ( Effect of DPI on the IgG-and Ca2e ionophore-stimulated intracellular killing of S. aureus. To further clarify whether oxygen-dependent microbicidal mechanisms are involved in the intracellular killing of bacteria stimulated by Ca2" ionophores, monocytes containing S. aureus were incubated with DPI before the intracellular killing process was stimulated by IgG or A23187. The results showed that DPI significantly inhibited the IgG-and A23187-stimulated intracellular killing of S. aureus by monocytes ( Table 2) .
Role of extracellular Ca2+ and M + in the intracellular killing of S. aureus by monocytes. Preliminary experiments showed that the phagocytosis of serum-opsonized bacteria by monocytes was not affected by the removal of extracellular Ca2" and Mg2e. To find out whether extracellular Ca2+ and Mg2e play a role in the intracellular killing process, monocytes containing S. aureus in HBSS with or without Ca2+ and Mg2e were stimulated with IgG or a Ca2+ ionophore for 30 min. The results showed that the intracellular killing of S. aureus by monocytes stimulated with ionomycin in the absence of extracellular Ca2' and Mg2e was slightly less than that in the presence of one of these cations (Table   3 ); the differences found for IgG and A23187 were not significant. Reconstitution of Ca +-Mg2+-free HBSS with 2 mM CaCl2 restored the intracellular killing of bacteria by monocytes stimulated with Ca2+ ionophores; the addition of 2 mM MgCl2 to Ca2_-Mg2+-free HBSS was less effective in restoring intracellular killing (Table 3) . 
DISCUSSION
The main conclusion to be drawn from the present study is that cytosolic free Ca2+ but not extracellular Ca2+ is essential for the IgG-stimulated intracellular killing of S. aureus by human monocytes. The conclusion is justifiable because the present results fulfill the three criteria formulated in the introduction. First, IgG stimulated the killing process and increased the [Ca2+] i in monocytes. Second, the Ca2+ ionophores efficiently stimulated the intracellular killing of S.
aureus by monocytes. Third, reduction of the [Ca2+] i in monocytes to less than 1 nM rendered the cells unresponsive to stimulation of the intracellular killing of S. aureus by IgG. The reduced intracellular killing of bacteria by monocytes with an extremely low [Ca2+] i could be due to inhibition of either their oxygen-dependent microbicidal system (3, 12, 13, 17) or the phagosome-lysosome fusion (10), both having been shown to occur in human neutrophils.
The possibility that a decrease in the [Ca2+] i to less than 1 nM merely affected the general functions of the monocytes can be excluded because of the following: (i) these cells efficiently phagocytosed preopsonized bacteria, (ii) the intracellular killing of S. aureus by these monocytes upon stimulation with IgG or Ca2+ ionophores could be restored by reincubation of the cells with extracellular Ca2+, and (iii) the viability of monocytes with a highly reduced [Ca2+] i was more than 90% at the end of the experiments.
The main question that remains is the mechanism underlying the intracellular killing of S. aureus by monocytes stimulated with Ca2+ ionophores. Since Ca2+ ionophores stimulate the production of 02-by resting monocytes and since reduction of the [Ca2+] i to exceedingly low values inhibited both Ca2+ ionophore-stimulated 2-production and the intracellular killing of bacteria by monocytes, it is concluded that oxygen-dependent bactericidal mechanisms are involved in the Ca2+ ionophore-stimulated intracellular killing process. This conclusion is supported by the finding that A23187-stimulated intracellular killing was markedly inhibited by DPI. Moreover, DPI did not affect the intracellular killing of Streptococcus pyogenes, a catalase-negative bacterium, by monocytes (8a), demonstrating that the viability of these cells is not impaired by treatment with this drug.
It is tempting to suggest that Ca2+ ionophores stimulate the killing process by means of their ability to induce an increase in the [Ca2+] i in monocytes. However, in human neutrophils, Ca + ionophores also stimulate other intracellular signalling pathways in addition to a rise in the [Ca2+] i (11) . We found that the monovalent cation ionophore nigericin, which does not induce an elevation of the [Ca2+] i, was also able to stimulate the intracellular killing of S. aureus by monocytes, although less efficiently than Ca2+ ionophores. Therefore, most probably, Ca2+ ionophores stimulate the intracellular killing of bacteria via both a Ca2+-dependent pathway and a pathway independent of elevation of the [Ca2+] i.
